THE DESIRE TO EXPERIENCE LIFE from the perspective of animals dates from antiquity. Scientists have adapted available technologies to study animals in their quests to unravel and understand biological functions and processes for several centuries; in the most recent of these endeavors, scientists have applied radiotelemetry technology. Radiotelemetry combines miniature sensors and transmitters to detect and broadcast biological signals in animals to remote receiver. The receiver converts the analog frequency signal into a digital signal to be imputed into a computerized data acquisition system. The acquisition system can store, manipulate, format, tabulate, and output the data in accord with the instructions of the user. Currently, radiotelemetry systems can collect blood pressure (BP), heart rate (HR), blood flow (BF), electrocardiogram (ECG) and other biopotentials (EEG, EMG), respiratory rate (RR), pH, body temperature (BT), and activity indices.
As with all new technology, scientists should be skeptical and demand validations of the new technology versus current conventional measurement techniques, to the extent possible. However, new technologies make it possible to perform measurements under conditions that have not previously been possible, making direct comparisons with current conventional measurement techniques sometimes impractical.
With the exception of studies of anesthetic agents and certain other types of experiments involving acutely painful/stressful procedures, it is generally acknowledged that the quality of physiological measurements collected from conscious unstressed animals is superior, since they are collected under conditions that best represent the normal state of the animal, are least influenced by chemical, stress, and psychological factors and (where appropriate) are most predictive of the results that would be achieved in human beings (1, 2) . When monitoring physiological parameters in conscious animals, it is easiest to use noninvasive methods such as surface electrodes for monitoring an ECG or a tail-cuff manometry for monitoring BP. However, use of noninvasive techniques can introduce significant artifacts, as these techniques often require physical restraints and high levels of technician interaction to ensure that surface connections stay in place and do not accidentally damage, or be damaged by, the animal. The literature extensively documents the effects of restraint on laboratory animals, including increases in BT, HR, and BP, plasma levels of epinephrine and norepinephrine, changes in responses to pharmaceuticals, and decreased food intake and body weight (49, 51) . Temporary use of invasive methods to implant Article published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
sensors under the skin and/or within body cavities can eliminate the experimental artifacts associated with noninvasive procedures. Development of modern microsurgical techniques and surgical recovery procedures has greatly facilitated the use of indwelling catheters (for monitoring fluid pressure/removing fluid samples), electrodes (for monitoring biopotentials and temperatures), and devices (e.g., flow probes, vascular cuffs) (86) .
When using indwelling catheters, sensors, and/or electrodes, several methods (including wireless radiotelemetry) for accessing the information from the sensor and forwarding it to a recording system are available; the advantages and disadvantages of each of these methods are extensively summarized in an earlier review (51) . Although wireless radiotelemetry technology for monitoring laboratory animals has existed for at least 50 years (11, 51) , it has only been in the last 10 . Understandably, availability has resulted in a significant increase in the use of implantable radiotelemetry in biomedical research, and several authors have highlighted its advantages: 1) There is a reduction of distress compared with conventional measurement techniques. Telemetry represents the most humane method for monitoring of physiological parameters in conscious, freely moving laboratory animals (11) . 2) One may eliminate of use of restraints, which can alleviate a potential source of experimental artifact and inter-animal variability (75).
3) There is a reduction of animal use by 60-70% in single studies (85) and by more than 90% in multiple studies (43) . 4) Refinement in animal use permitted virtually unrestricted continuous data collection (days, weeks, months, or more) without the need of any special animal care (11). 5) Available for use in all laboratory species, from mice to monkeys (49) , and most recently fish (Snelderwaard PC, Van Ginneken V, Witte F, Voss HP, and Kramer K, unpublished observations).
As well, authors have highlighted the disadvantages of implantable radiotelemetry in biomedical research: 1) There is a cost to acquire the requisite equipment (usually completely recovered through reduced animal use). 2) Specialized training/certifications are required to surgically prepare and study telemeterized animals.
3) Continuous or regular scheduled sampling generates large amounts of data (e.g., 5-min scheduled sampling over an 8-wk period will generate more than 16,000 data points per parameter), which can lead to analysis problems. 6) Dedicated space must be found within the animal facility in which to conduct studies.
Although the use of telemetry technology is well established in many and diverse areas of animal research, we have limited the scope of this review to recent telemetry applications in small laboratory animals.
APPLICATIONS AND EVALUATION
Transmitter implantation. Telemetry systems consist of an implantable hermetically sealed sensor/ transmitter (transmitter) unit coated with a biocompatible material and an external receiver system. In some systems the implantable sensor system is separate from an external transmitter system, and nonimplanted oral telemetry "capsules" for use in the gastrointestinal tract are also described (46) . Implantation of sensor/transmitters requires facilities for sterile recovery surgical procedures, expertise with microsurgical techniques (86) , and is beyond the scope of this review. Using sterile procedures, the technician affixes the transmitter in a convenient subcutaneous pocket or directly within the peritoneal cavity. For ECG and EEG measurements the positive and negative electrodes are placed subcutaneously (47) ; for BP measurements one or more fluid-filled catheters are placed into the appropriate blood vessel [usually the carotid artery, thoracic aorta, femoral artery, pulmonary artery, or abdominal aorta (18, 62) ]. For measurements of respiratory pressure changes, a fluid-filled catheter is introduced into the pleural cavity (67) . Once the equipment is placed and checked for proper function, all incisions are closed and the animals recovered from surgery are permitted 1-2 wk recovery with appropriate analgesics before studies are conducted.
Critics of this technology correctly inquire as to the effects of the weight and volume of the implanted transmitter on animal behavior and stress and on physiological functions (Morton DB, Hawkins P, Bevan R, Heath K, Kirkwood J, Pearce P, Scott E, Whelan G, and Webb A, unpublished observations). Animals seem to tolerate the implantations of the transmitter without obvious problems, so long as high-quality sterile techniques are used (7, 64) . Baumans et al. (7) assessed changes in body weight and behavior of BALB/c and 129/Sv mice, after implantation of an intra-abdominal transmitter (DSI). For behavior, the automated Laboratory Animal Behaviour Observation Registration and Analysis System (LABORAS; Metris System Engineering, Hoofddorp, The Netherlands) was used. With LABORAS climbing, locomotion, immobility, grooming, eating, and drinking behaviors can be monitored without disturbing the animal (16, 74) . During the first days after surgery, body weight and climbing, locomotion, and eating were decreased in both strains, whereas grooming and immobility were increased. These changes were more pronounced in the transmitter-implanted animals than in the sham-operated animals, indicating temporarily impaired well being; however, within 2 wk after surgery there were no differences between the two treated groups, and all animals were judged to be fully recovered.
Validation. Validation of a telemetry system includes calibration/verification of the sensor, conformation that the sensor signal is accurately received and accumulated within the data acquisition system, conformation that all post-collection data processing programs and subroutines are functioning in accord with specifications, and conformation of the accuracy and precision of the data outputs. When multiple animals/ systems are studies simultaneously, validation must include verification of the accuracy and integrity of each data channel. For the purpose of this review, we will focus on validation of the sensor/transmitter function and refer the reader to manufacturers of telemetry systems for validation of data acquisition systems. Suffice it to say that telemetry systems are easily validated for use within studies conducted under Good Laboratory Practice (Kinter LB, personal experience).
It is necessary to validate telemetry sensor/transmitter signals for accuracy over the anticipated physiological range and for stability over the duration of intended use. Experimental approaches to validate transmitters include simultaneous measurements in single or in separate groups of animals, comparing the telemetry signal to that of one or more conventional technique(s). When comparing telemetry and conventional techniques, small differences in absolute values can be anticipated based upon differential placement of catheters and electrodes. Short-acting pharmacological agents and manipulations can be used to induce acute changes in physiological parameters to test dynamic ranges; alternatively, circadian variations can be used. Stability is best approached through measurements collected after implantation and again before the transmitter is removed (but before the power source fails). The results of a validation protocol should demonstrate that the data collected using the telemetry and conventional technologies "mirror" each other in both relative (increase/decrease with time) and absolute values; differences in absolute values can be post-corrected using with knowledge of the offset value, if necessary.
The most straightforward approach to validation of the transmitter is during the surgical implantation procedure:
Step 1) Conduct the procedures recommended by the manufacturer to verify the specific device to be implanted and any factory-established offset parameters.
Step 2) Implant the transmitter using sterile procedures and in accord with a protocol approved by an appropriate ethical review committee.
Step 3) Calibrate and connect the conventional technology to which the telemetry signal will be compared. This may require acute catheterization of another blood vessel, parallel placement of biopotential leads, etc.
Step 4) Simultaneously collect data using the two technologies and compare the outputs; 4a) if the outputs are within previously established acceptable limits (e.g., Ϯ10%), continue; 4b) if not, diagnose the difference, correct, and repeat.
Step 5) Administer appropriate doses (usually intravenously) of short-acting pharmacological agents or manipulations to induce excursions in primary parameters; simultaneously record results and compare outputs (as above). Note that these agents must "clinical grade" in terms of purity, formulation, and sterility; clinical supplies are recommended (see Ref. 45 for agents and doses). 5a) BP/HR (isoproterenol, epinephrine, norepinephrine); 5b) ECG [calcium channel antagonist (P-R interval), class III antiarrhythmic (Q-T interval)]; 5c) respiratory rate (hypercarbia to stimulate; volatile anesthetic to depress); and 5d) BT (usually a multi-point with a rectal temperature).
Step 6) Remove the conventional technology, close the remaining incisions, and recover the animal from anesthesia.
Step 7) To determine longterm stability of the signal, reanesthetize the telemeterized animal prior to transmitter failure and repeat step 4 (and possibly step 5). The record differences. Repeat step 6 or euthanize the preparation and recover implanted devices for refurbishing.
The following include examples of validation of "telemeterized" physiological functions in laboratory species.
Blood pressure, electrocardiogram, and heart rate. BP, ECG, and HR, as well as BT sensors, measured with radiotelemetry in nonrodent species (dog, minipigs, monkeys) can be validated using the general procedure described above. Use of sensors for these parameters in rodents has been extensively validated and documented in recent literature (13, 14, 23, 49, 51) . In addition, Mills et al. (62) described, for the first time, the possibility to record systolic, diastolic, and mean BP, as well as HR and locomotor activity, in freely moving mice, living in their home cage, for several months. In general, it is not feasible to conduct simultaneous measurements using telemetry and conventional technologies during transmitter implantation in rodents, due to the small size of their blood vessels, so parallel study groups are recommended. In these species, blood pressure catheters are usually inserted into the abdominal aorta just caudal to the left renal artery (or via the carotid artery), while the body of the transmitter is positioned in the peritoneal cavity. Because the device was developed for abdominal aorta implantation, its use has not been feasible in studies where peritoneal volume is critical, i.e., in pregnant mice. Butz and Davisson (18) developed an alternative approach for measuring BP in mice, whereby thoracic aorta implantation of the pressure-sensing catheter is combined with subcutaneous placement of the transmitter body along the right flank. Butz and Davisson (18) used for this study female C57BL/6 or BPH/5 mice, a strain derived from the cross of inbred hypertensive and hypotensive mouse strains. The results of their study showed that the above-mentioned approach is a reliable method with which to measure, under stressfree conditions, mean arterial pressure and HR recordings for 50-60 days in mice weighing 22 g on average but as small as 17 g, even before, during, and after pregnancy.
However, although placing the BP catheter in the carotid rather than in the abdominal aorta of the mouse can permit a less invasive operation procedure, one must be aware of the fact that the Circle of Willis is not completely developed in some strains of mice, and thus the carotid approach is not advised for these strains (6, 88).
Electroencephalogram. Validation of biopotential signals (EEG, EMG, ECG) is generally qualitative rather than quantitative process, focusing upon obtaining appropriate waveform morphology and minimizing artifacts. An exception is where specific software is used to "strip" biopotential waveform data into tabular formats (e.g., ECG peak heights and peak intervals); in these cases it is necessary to establish the sensitivity of the telemetry system to detect specific changes in waveform morphology. Species differences must also be considered [e.g., optimal ECG lead placements and differences in cardiac depolarization vector (47)]. Livezey and Sparber (59) were one of the first to describe an implantable radiotelemetry system to measure EEG in rats; a few years later Champeroux et al. (19) described radiotelemetry for EEG monitoring in conscious rabbits. Kant et al. (42) determined the effects of chronic stress on sleep, using a rodent paradigm of around-the-clock signaled intermittent foot shock in which some rats can pull a chain to avoid/ escape shock while another group of rats is yoked to the first group. Sleep was measured by using a telemetry device for recording the EEG. Rats were implanted with four stainless steel electrode screws over the frontal cortex and the cingulate cortex; a bipolar electrode was placed in the dorsal hippocampus. The electrodes were connected to a headset that was cemented to the skull. The transmitter was inserted into a small pocket behind the shoulder blades, and the leads were connected to the headset. The results of this study suggested that the stress and the performance requirements of the paradigm caused sleep disruption. Cotugno et al. (21) recommended the radiotelemetry system of EEG recording for the following reasons: 1) subcutaneous placement of the transmitter; 2) EEG recordings around-the-clock for weeks; 3) surgery is quite simple; and 4) the system is commercially available.
Antier et al. (4) showed the influence of neonatal focal cerebral hypoxia-ischemia (HI) on sleep-walking pattern, on electrocorticogram (ECoG) power spectra, and on locomotor activity (LA) in adult Wistar rats. The animals were implanted with a radiotelemetry implant for simultaneous measurements of ECoG and LA. Two silver custom-made ECoG electrodes were implanted over the frontal cortex: one electrode at the coordinates relative to bregma, and a second electrode over the right parietal cortex. The authors indicated that the animals exposed to a neonatal unilateral cerebral HI present significant ECoG activity, sleep-waking pattern, and behavioral disturbances when adults. Timofeeva and Gordon (83) implanted transmitters in adult female rats and recorded EEG, core temperature, and motor activity before and after exposure to the acetylcholinesterase inhibitor chlorpyrifos (CHP) and muscarinic agonist oxotremorine (OX). Their data showed that activation of muscarinic receptors is responsible for most of the EEG and behavioral alterations induced by CHP. Cortical arousal together with increased quiet waking and decreased states of sleep after CHP occurred independently from inhibition of motor activity and lowering of core temperature. Because the EEG is a sensitive parameter, radiotelemetry provides a means of assessing subtle neurological changes following exposure to neurotoxicants.
Finally, Mumford and Wetherell (66) described a method of measuring EEG in guinea pigs by means of temporarily attached superficial electrodes with radiotelemetry equipment, an alternative approach to more conventional methods of monitoring EEG in animals, which necessitate surgical implantations of electrodes. Superficial electrodes were compared with the cortical screw electrode technique in a nerve agent-induced seizure model. The authors demonstrated the possibility of the collection of meaningful data using temporarily attached superficial electrodes and have shown that, in a nerve agent seizure model, seizure activity in the freely moving nontethered guinea pig may be identified using this equipment. They also have discussed the advantages and disadvantages of the technique with respect to resource conservation and the benefits to animal welfare.
Electromyogram. Kant et al. (42) and Sei and Morita (76) implanted two Teflon-coated stainless steel wire electrodes bilaterally in the nuchal muscle and used radiotelemetry to measure EMG in freely moving rats. Nakajima et al. (68) measured contractile activity of the gastrointestinal (GI) tract in conscious unrestrained rats. The transmitter body was fixed in the peritoneal cavity of the rat, and the sensing catheter was sutured into the serosa in the gastric antrum. Gastric motility of freely moving rats could be continuously recorded for up to 60 days. Recently, Meile and Zittel (61) published telemetric transmission of rat gastrointestinal EMG signals that were comparable to those given in the literature. Two NiCr electrodes were sutured to the jejunum and connected to an implantable EMG transmitter; EMG signals were transmitted to a receiver placed at the bottom of the rat's home cages. Langenbach et al. (55) used a radiotelemetry system to chronically record muscle activity in rabbits. The results of this study suggest that the tested device provides a good measure of the muscle activity pattern at the sampled region with a minimum of signal dropouts. The device is small enough to be implanted in rats, and the telemetry technique enables the recording of daily muscle activity in freely moving animals without interference of the observer.
Respiratory rate. Respiratory rate (RR) can be derived from the pleural waveform using an intrapleural catheter (67) . A new method for measuring RR in rats (12) and mice (Brockway RV and Huetteman DA, 2001, personal communication,) has been developed, in which the RR signal is derived from the arterial pressure waveform, without the need of an extra intrapleural catheter, and has the potential to provide unique data in long-term cardiovascular studies (48) . Although the influence of respiration on BP waveform is a well-know physiological phenomenon, the Respi-RATE software (Data Sciences International) is the first commercial product to employ this effect to derive respiratory information from a BP signal. The pleural 200 REVIEW: RADIOTELEMETRY IN SMALL LABORATORY ANIMALS pressure waveform is derived by fitting a curve to beat-to-beat systolic pressures, from which RR is derived (48) .
Telemetry applications in inbred rodent strains and transgenic models for cardiovascular disease. During the last decade there has been a large increase in using transgenic models, and specifically mouse models, to investigate the causes of, and potential treatments for, cardiovascular diseases (9, 26, 38, 73) . Expression of abnormal quantities or altered forms of gene products in an intact animal provides a powerful tool by which to gain insight into the role of expression of specific genes in cardiac growth, development, and function (63) . Examples of transgenic mouse models relevant to cardiovascular physiology and diseases are extensively described and discussed in recent reviews (20, 24, 28, 38) . Miniaturized cardiovascular telemetry technologies suitable for mice greatly expand the quality and quantity of physiological data to be extracted from murine transgenic models. Recent measurements of ECG, HR, and BP using telemetry in transgenic mouse models have resulted in qualitative and quantitative changes in definitions of ECG waveforms, in baseline values of HR and BP, and in responses to autonomic agents, compared with nontransgenic control mice (22, 26, 31-33, 36, 37, 39-41, 60, 69, 79, 81, 89) . For example, Gehrmann et al. (31) developed HR variability (HRV) analysis in the mouse for characterization of HR dynamics, modulated by vagal and sympathetic activity, and concluded that phenotypic screening for HR regulation in mice further enhanced the value of the mouse as a model of inheritable electrophysiological human disease. In transgenic mice with a specific eightfold atrial overexpression of human ␤ 1 -adrenoceptor (␤ 1 -AR) (60) or with a cardiac-specific overexpression of the ␣-subunit of the GTP-binding protein (G s ␣) (84), no effect of (␤ 1 -AR) overexpression was found in the HR, whereas HRV in transgenic mice was decreased, and G s ␣ overexpression significantly increased HR compared with the control mice, whereas HRV was again decreased. In another study of two commonly used inbred mouse strains [A/J and C57BL/6J (B6)], telemetry showed that BT was generally higher and HR significantly lower in B6 than A/J mice, underscoring strain differences in baseline physiological values (36). Johansson et al. (39) recorded HR, ECG, and BT in mice lacking thyroid hormone receptor-␤ (TR-␤) or TR-␣1 and -␤ (TR-␣1/␤) and found that the TR-␣1/␤-deficient mice had a reduced HR compared with wildtype controls, and the TR-␤-deficient mice showed an elevated HR. ECG revealed that the TR-␤-deficient mice had a shortened Q-T interval in contrast to the TR-␣1/␤-deficient mice, which exhibited prolonged P-Q and Q-T intervals. Heterozygous knockout (KO) mice with half the wild-type expression of the vesicular monoamine transporter (VMAT2) can suddenly die in midlife; Itokawa et al. (37) examined ECG data telemetered from freely moving heterozygote and wildtype littermate mice. And found many ECG parameters were indistinguishable in these two strains. However, heterozygous mice displayed prolonged Q-T intervals, suggesting vulnerability to lethal ventricular arrhythmias in these animals and the existence of a candidate gene for interindividual differences in vulnerability. Shusterman et al. (79) measured HRV and pharmacological responses in three different experimental settings: 1) wild-type FVB mice, a common strain used in transgenic overexpressors; 2) C57BL6/ SV129 mice, the most common strain found in genetargeted mice; and 3) TNF-␣ mice (on a FVB background) that develop a dilated cardiomyopathy by 12 wk of age. They concluded that interstrain differences in autonomic nervous system activity are important when studying transgenic models; that the homeostatic states of autonomic nervous system activity are strain specific, leading to differences in HR, responses to pharmacological agents, and pathophysiological changes in disease models; and that strain-specific differences should be considered in selecting the strains of mice used for transgenic and gene targeting experiments.
Stauss et al. (81) compared BP variability of eNOS KO mice (lacking endothelial nitric oxide synthase, eNOS) with their respective wild-type controls. One day after carotid artery cannulation, BP was recorded in these conscious mice. During resting conditions, BP variability was markedly enhanced in KO mice compared with wild-type mice. In another paper, baseline BP values were higher in AT2 receptor KO than in wild-type mice (32). Davisson et al. (22) reported an inbred mouse strain (BPH/5) with mildly elevated BP which spontaneously develops a syndrome that bears close resemblance to preeclampsia in humans and concluded, given that preeclampsia likely has an important genetic component, this inbred genetic strain may provide an opportunity for studying its genetic pathophysiology. Radiotelemetry was also used in combination with a treadmill test in transgenic mice overexpressing ventricular myosin regulatory light chain; the capacity for exercise at higher belt speed (27 m/min) was significantly decreased in transgenic mice compared with nontransgenic mice (26) .
Finally, circadian BP and HR variations were measured by radiotelemetry in freely moving normotensive and hypertensive rats (3, 57, 77, 91) .
Telemetry and laboratory animal welfare. In their book Stress and Animal Welfare, Broom and Johnson (15) have defined welfare as "the state of an individual as regards its attempts to cope with its environment", thus the ability of an animal to cope with or adapt to internal and external stressors. To investigate animal welfare, the impact of stress on physiological parameters, such as body weight, hormonal levels in plasma and/or urine, HR, BP, and BT can be measured (15, 25, 34, 49, 56, 71, 87) . When measurements of the physiological parameters are performed via conventional measurement techniques, the results must be interpreted with caution, since these conventional techniques have by themselves contribute to animal stress.
Well-known examples include the decrease in body weight (82) , the increase in catecholamine levels (53) , and increased BP (54) when rats are immobilized.
REVIEW: RADIOTELEMETRY IN SMALL LABORATORY ANIMALS
Intra-arterial catheterization of rats has been shown to cause decreased food intake as well as body weight loss (70) . BP measurements in mice via the tail-cuff technique caused increases in both HR and BP (52) . Recently, Duke et al. (25) described the effects of routine cage changing on cardiovascular and behavioral parameters in male Sprague-Dawley rats and concluded that common animal husbandry procedures, such as moving rats to a clean cage, can induce transient, but significant, cardiovascular and behavioral changes. Since radiotelemetry with an implantable transmitter provides a way to obtain accurate and reliable physiological measurements from awake and freely moving animals in their own environment (11) , it is a valuable tool to investigate animal welfare without the overlay of stress-producing factors associated with conventional techniques (17, 30, 49, 51) .
The humane use of laboratory animals requires implementation of the "three Rs" (replacement, reduction, and refinement) of Russell and Burch (72) . The "replacement" alternative is defined by Russell and Burch as any scientific method employing nonsentient material, which may replace methods that use conscious vertebrates. The "reduction" alternative directs the use of experimental designs and statistical methods to support the minimum number of animals required to test the hypotheses at an appropriate power. Finally, the "refinement" alternative focuses upon methods to minimize or eliminate pain and distress and to enhance laboratory animal well-being. Radiotelemetry technology can contribute directly to "reduction" and "refinement" alternatives.
Telemetry and reduction alternatives. Radiotelemetry can substantially reduce animal use and associated research costs by increasing the number of parameters that can be collected from a group of animals and thereby eliminating the need for satellite groups or separate studies to collect the same data, by permitting the use of blocked study designs, and by increasing the data precision in both individuals and study groups. Combination of cardiovascular and general toxicity endpoints in single-dose and dose-ranging toxicity studies can satisfy both general toxicity and safety pharmacology testing requirements for pharmaceuticals in a single study (see ICH S7A; Ref. 1). Changes in BP, HR, and ECG parameters detected by radiotelemetry may provide direct evidence of a dose-limiting effect (44, 65) , eliminating the need for more animals to evaluate higher doses for toxicity.
An attribute of telemeterized preparations is that, with suitable precautions, animals can be reused to study different doses and test regimens (blocked study designs), to verify individual efficacy and toxicity responses, and even separate studies. Use of blocked study designs filters out the inter-animal variation and reduces the numbers of animals needed to obtain the same level of statistical power for evaluating dose/ treatment responses (27, 90) . Because radiotelemetry permits continuous or periodic collection of cardiovascular data over prolonged periods of time, it is compatible with the use of randomized block designs, replacing conventional, completely randomized, study designs. The reduction in animal use achieved by using randomized block designs instead of completely randomized designs is 75%, without loss of statistical power (45) . A variant of the randomized block design is one in which all animals receive all treatments, but in ascending (vehicle, then low, mid, and high dose) or descending (high, then mid, low, and vehicle) order. This design has the same improved statistical power as the randomized block design but may require an additional time control to separate treatment effects from time effects (45) .
Because of the growing lifetime of radiotelemetry implants (up to a year and longer), investigators may consider reusing experimental animals to study additional doses, different treatments, alternate routes of administration, or to verify response differences in individual animals. The total reduction in animal use achieved by eliminating a study, by using randomized blocking, and by reusing animals in multiple studies is Ͼ90% (45) . Although it is beyond dispute that reuse can substantially reduce research costs and overall animal use, reusing instrumented animals for additional procedures is controversial and subject to specific regulations, in part because previous technologies (arterial punctures, externalized catheters and electrodes, etc.) contributed cumulatively to animal discomfort/stress. Because miniaturized implanted telemetry systems obviate those concerns, the authors propose that it is now appropriate to readdress regulatory aspects of reuse of telemeterized preparations in light of the contributions these preparations can make to science and the "reduction" aspect of Russell and Burch, without compromising animal welfare.
Studies in our own laboratory have shown that a reduction in animal use up to 70% can be achieved when the data obtained in our mice cardiotoxicity studies are compared with literature data obtained via morphometry or histology studies (85). Fraser et al. (29) compared a telemetric BP monitoring system with a tail-cuff BP measuring system in both adrenocorticotropic hormone (ACTH)-treated and sham-treated rats and concluded that the results measured with telemetry in this study were very similar to the results measured with the tail-cuff method and that telemetry allows for a longer period of measurement, giving greater power to the study so that fewer animals are needed.
Telemetry and refinement alternatives. Radiotelemetry also offers refinement alternatives by reducing animal stress and discomfort, improving the quality and precision of experimental data, and reduces costs. In freely moving mice and rats equipped with cardiovascular radiotelemetry transmitters and monitored in their home cages, HR and BP values were found to be much lower compared with published values (8, 10, 47, 49, 50, 77) . As animals implanted with a radiotelemetry transmitter are best monitored while in their home cages, no additional dedicated laboratory space other than that used to house the animals is necessary. No isolation from other animals of the same species is 202 REVIEW: RADIOTELEMETRY IN SMALL LABORATORY ANIMALS required, and no continuous monitoring by trained laboratory staff is required during the conduct of a study, as is required for almost all other cardiovascular preparations.
Since radiotelemetry permits investigation of drug effects in freely moving, unrestrained animals, it facilitates animal models that mimic the clinical conditions of drug investigation, considered as a contribution to the concept of refinement (58) .
CONCLUSIONS
Implantable radiotelemetry is now a viable and commercially available alternative to conventional methods for measurements of physiological functions in biomedical research. There are currently more than 300 peer-reviewed publications (source: Data Sciences International) that include functions measured via fully implanted telemetry in laboratory species from mice to monkeys, including fish (49; and Snelderwaard et al., unpublished observations). Several of these publications describe validation studies (3, 8, 10 14, 23, 62) concerning the accuracy, utility, or safety of the devices. The scientific literature provides several compelling arguments for the use of implantable radiotelemetry as a more appropriate alternative to traditional methods of monitoring laboratory animals in terms of quality and quantity and the data collected, animal welfare (reduction and refinement alternatives), and to reduce overall animal research costs. Whereas the use of implanted telemetry in rodents may once have been viewed as a technical "tour-de-force" but with significant cost and dubious value, the advent of transgenic rodent technologies and the time and expense to produce transgenic models has made rodent telemetry a cost-effective necessity for the modern research laboratory.
Just as other technology-based products, continuing progress in electronics, battery, sensor, and material technologies will bring further advances in implantable radiotelemetry. The most significant innovations will include further miniaturization, expansion of the numbers of parameters that can be monitored simultaneously, and introduction of new sensors for regional blood flows, concentrations of inorganic and organic substances [e.g., an amperometric glucose biosensor implanted subcutaneously in dogs (5, 78)], and radioisotopes in blood and other body compartments.
